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Size-Dependent Multiexciton Dynamics Governs
Scintillation From Perovskite Quantum Dots
Andrea Fratelli, Matteo L. Zaffalon, Emanuele Mazzola, Dmitry N. Dirin, Ihor Cherniukh,
Clara Otero-Martínez, Matteo Salomoni, Francesco Carulli, Francesca Rossi,
Francesco Meinardi, Luca Gironi, Liberato Manna,* Maksym V. Kovalenko,*
and Sergio Brovelli*

The recent emergence of quantum-confined nanomaterials in the field of
radiation detection, in particular lead halide perovskite nanocrystals, offers
scalability and performance advantages over conventional materials. This
development raises fundamental questions about the mechanism of
scintillation itself at the nanoscale and the role of particle size, arguably the
most defining parameter of quantum dots. Understanding this is crucial for
the design and optimization of future nanotechnology scintillators. In this
work, these open questions are addressed by theoretically and experimentally
studying the size-dependent scintillation of CsPbBr3 nanocrystals using a
combination of Monte Carlo simulations, spectroscopic, and radiometric
techniques. The results show that the simultaneous effects of size-dependent
energy deposition, (multi-)exciton population, and light emission under
ionizing excitation, typical of confined particles, combine to maximize the
scintillation efficiency and time performance of larger nanocrystals due to
greater stopping power and reduced Auger decay. The agreement between
theory and experiment produces a fully validated descriptive model that
predicts the scintillation yield and kinetics of nanocrystals without free
parameters, providing fundamental guidance for the rational design of
nanoscale scintillators.
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1. Introduction

Ionizing radiation detection is critical
across diverse domains such as precision
medicine,[1,2] industrial[3] and national
security,[4] environmental monitoring,[5]

energy management,[5] and cutting-edge
scientific research in high-energy physics[6]

(HEP) at particle accelerators in the search
for rare events in nuclear physics. In
these applications, scintillator materials
play a crucial role by converting ionizing
radiation into detectable signals using
high-performance photosensors such as
phototubes or silicon photomultipliers
(SiPMs). Ideal scintillators should feature
compositions rich in high atomic number
(Z) elements, ensuring a high probability
of interaction with radiation (proportional
to Zn, n = 1–5 depending on the radiation
type and interaction process),[7,8] along
with high density, stability to radiation
(so-called radiation hardness), efficiency,
and speed of emission processes, which is
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especially vital in Time-of-Flight-based technologies like positron
emission tomography[9] (ToF-PET) and high-brightness beam
detection.[10,11]

The figure of merit for ToF-PET is the coincidence time
resolution,[12] CTR = 3.33

√
(𝜏RISE × 𝜏EFF)∕Γ, where 𝜏RISE is the

signal risetime (typically due to the detection chain) and 𝜏EFF =
(
∑

i
Ri

𝜏i
)
−1

is the effective scintillation lifetime[11] (rate kEFF =
1

𝜏EFF
) obtained, in case of multi-exponential decay kinetics, as

the harmonic average of the i-th scintillation decay components
weighted by their respective time-integrated relative contribu-
tions Ri. The term Γ = ΦSCINT × E × 𝛽 × 𝜒 is the intensity of
the scintillation signal that depends on the scintillation efficiency
(ΦSCINT), on the amount of energy (E) deposited in the scintilla-
tor, on the light outcoupling efficiency (𝛽), and on the quantum
efficiency of the coupled photodetector (𝜒). The quantity LY =
ΦSCINT × E × 𝛽 is commonly referred to as the light yield and
corresponds to the number of emitted photons per unit of en-
ergy deposited.[7] In the ToF-PET field, the main challenge is to
achieve CTR≤10 ps that would significantly reduce the acquisi-
tion time (most accurate commercial devices feature CTR values
≈200 ps) while improving the signal-to-noise ratio,[2,10] leading to
millimeter spatial resolution in cancer diagnostics and providing
high image quality at reduced doses. In the case of HEP exper-
iments, the push to explore the limits of the Standard Model at
the frontiers of energy and intensity requires experiments to op-
erate at ever-higher rates.[5] Scintillation detectors for the High-
Luminosity Large Hadron Collider (HL-LHC) and Future Circu-
lar Collider (FCC) era will require time resolutions on the order
of a few tens of ps or less, with double-pulse separation at the
level of a few ns. In this case, there is no exhaustive figure of
merit regarding the timing performance as with CTR but, sim-
ilarly to ToF-PET, the timing resolution is given by the variance
with which enough photoelectrons are collected to provide a sta-
tistically relevant signal (hence often quantified in terms of pho-
tons MeV−1 ns−1).

In both fields, the main obstacle to achieving the required en-
ergy and temporal resolution lies in the limitations of scintillator
materials that are often chosen based on a trade-off between their
performance, cost, and availability. Inorganic crystals[13] offer
high efficiency and energy resolution but are slow, expensive, and
difficult to mass-produce, whereas plastic scintillators[14] are cost-
effective and fast emitting but suffer from low density, efficiency,
and radiation hardness. To address the drawbacks of both types
and capitalize on their strengths, nanocomposite scintillators
have emerged recently.[15,16] These scintillators feature optical-
grade plastic matrices as the waveguiding component, while
high-Z nanocrystals (NCs) synthesized using scalable chemical
techniques provide scintillation.[15,17,18] Importantly, using NCs
as nano scintillators in host matrices not only offers a solution
to overcome the scalability limitations of conventional materi-
als but also an avenue to enhance the scintillation performance.
This is due to the unique photophysics of quantum-confined ma-
terials, providing size-tunable emission spectra that match per-
fectly with the spectral sensitivity of light detectors and ultrafast
sub-nanosecond scintillation kinetics resulting from the recom-
bination of multiexciton generated upon interaction with ioniz-
ing radiation, as demonstrated recently across various classes of
NCs.[16,18–20]

One category of nanomaterials that has garnered partic-
ular attention within this context is lead halide perovskite
NCs (LHP-NCs),[21–24] with CsPbBr3 emerging as the dominant
player.[21,25,26] These materials feature a composition based on
heavy metals, remarkable resistance to radiation,[18,23,27] exten-
sive scalability facilitated by low-temperature methods,[28,29] and
efficient, fast scintillation[19,24,30] owing to the unique tolerance
to structural defects.[31] In recent years, there has been a grow-
ing body of research aimed at optimizing their scintillation
and developing nanocomposites for various radiation detection
applications,[32] particularly X-ray detectors and screens utilized
in medical imaging and object inspection. Time-resolved scin-
tillation studies have further demonstrated ultrafast radiolumi-
nescence kinetics due to substantial contributions by the recom-
bination of biexcitons (indicated as XX; X denotes single exci-
ton species) generated upon interaction with ionizing radiation,
which is particularly promising for fast-timing applications.[18,19]

To fully exploit the potential of nanoscale materials for radia-
tion detection, it is essential to fully understand and control the
key parameters that govern the scintillation processes, which, as
we demonstrate below, are strongly size-dependent. For exam-
ple, particle size has a strong influence on the amount of energy
deposited within a single NC after ionizing excitation, resulting
in size-dependent exciton occupancy. The resulting multiexciton
scintillation is also affected by nonradiative Auger recombination
(AR)—that is the nonradiative annihilation of one exciton in favor
of a third carrier[33]—whose rate increases with the inverse of the
particle volume (kAR∝V−1).[34] Overall, this leads to an interplay
between size effects on the scintillation yield and time kinetics,
which requires a detailed understanding for proper material op-
timization.

Here we aim to fill this gap by studying the effect of particle
size on the scintillation efficiency and kinetics of CsPbBr3 NCs
ranging from d = 3 nm (lateral size) to d = 15 nm, with tunable
emission from 470 to 520 nm. The dependence of scintillation in-
tensity of single NCs (INC

SCINT ) and NC ensembles (IENS
SCINT ) and 𝜏EFF

on particle size is first theoretically analyzed through the combi-
nation of the emission rate equations in the multiexciton regime
and Geant4 Monte Carlo simulations,[35] and then experimen-
tally validated, yielding an intertwined parameter space where
the size-dependent initial exciton population per NC (denoted
as 〈N〉), the AR rate and the fluorescence efficiency are the key
elements. We have experimentally evaluated all the key param-
eters necessary to describe the scintillation mechanisms using
a combination of optical spectroscopies and radiometric experi-
ments as summarized in Scheme 1a. X-ray attenuation and scin-
tillation experiments, confirmed by Monte Carlo simulations,
showed that the stopping power of NC ensembles with the same
total mass is independent of particle size, while the energy depo-
sition within a single NC increases with size, closely resembling
the carrier multiplication phenomenology. This leads to substan-
tially higher 〈N〉-values for larger particles making high-order
exciton contributions gradually more relevant, as confirmed by
time-resolved radioluminescence (RL) experiments. Consistent
with the literature,[36–38] AR was found to be efficient in all NC
samples, resulting in scintillation dominated by single-exciton
photoluminescence (PL) efficiency (ΦX) and progressive acceler-
ation of 𝜏EFF with increasing NC size due to reduced AR quench-
ing of the ultrafast XX decay. The whole body of experimental data
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Scheme 1. a) Theoretical and experimental approaches for a validated model for the scintillation of NCs. b) Schematic depiction of the possible decay
channels for biexcitons created upon ionizing excitation.

validates, with no free parameters, the theoretical model, which
disentangles the single-particle and ensemble effects on the size
dependence of NCs scintillation and provides guidelines for tai-
lored technological optimization of nanoscale materials in radia-
tion detection.

2. Results and Discussion

To accurately describe size effects on NC-based scintillators, it is
necessary to consider both single-particle and ensemble effects.
Single-particle effects concern the response of individual NCs to
ionizing radiation, such as interaction property, stopping power,
and AR-dependent emission efficiency. Ensemble effects, on the
other hand, are crucial for the engineering of NCs-based scintil-
lator detectors. Consider, for example, that for the same mass of
scintillator material (M), a nanocomposite scintillator contains an
amount of NCs (nNC) that is proportional to the inverse of their
volume (nNC = M∕𝜌VNC, where 𝜌 is the density), which can intro-
duce a large scaling factor for single-particle characteristics (e.g.,
nNC(d = 3 nm)∕nNC(d = 10 nm) ∼ 30). We therefore begin with
the single-NC treatment, which will then be implemented with

ensemble considerations to provide us with a realistic interpre-
tative model of the experimental findings. As the purpose of this
work is to provide guidelines for NC selection and design, we fo-
cus on isolated noninteracting particles and leave the extension
of our treatment to dense NC solids to a dedicated study.

Theoretical considerations on the impact of the NC size on the scin-
tillation parameters. A discussion of the role of size in the scin-
tillation of NCs requires addressing fundamental aspects of the
NC photophysics under ionizing excitation that determines high-
order exciton populations subject to AR. For the sake of this dis-
cussion, we do not consider nonradiative decay pathways other
than AR (e.g., trapping, multi-phonon relaxation, that is, we con-
sider an X emission efficiency of ΦX = 1) and neglect the case of
trions as they have been experimentally shown to give a relatively
minor contribution to the scintillation kinetics[19] and whose for-
mation is situational as it largely depends on trapping processes.
In the absence of AR, XX radiatively decays into an X species via
the emission of a photon with an accelerated radiative rate due
to increased emission statistics (kXX = 4kX where kX is the X ra-
diative rate[33]), giving rise to a bi-exponential scintillation decay
profile consisting of a fast XX component followed by a slower

Adv. Mater. 2024, 2413182 2413182 (3 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202413182 by U
niversita M

ilano B
icocca, W

iley O
nline L

ibrary on [17/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

one due to the resulting X (see Scheme 1b).[18,19,29,39] Auger decay
involves the annihilation of a first exciton and the simultaneous
promotion of a second carrier (belonging to the second exciton)
to an energy equal to twice the energy gap. If this additional en-
ergy exceeds the ionization energy of the material, AR ionizes
the NC and quenches the emission completely.[40] Alternatively,
in the nonionising AR case, the hot carrier rapidly thermalizes
back to the band edge, constituting a secondary X. In the absence
of other nonradiative processes, such as trapping of hot carriers,
as it occurs in B-type blinking,[41] this results in a net loss of half
the photons that would be emitted if both excitons recombined
radiatively. This is relevant for addressing the scintillation kinet-
ics because the acceleration of the XX contribution is accompa-
nied by the repopulation of X species that modify 𝜏EFF and par-
tially compensate the light loss. The interplay between these re-
combination mechanisms of individual NCs in the XX regime is
better understood considering the characteristic rate equations
under instantaneous excitation (we hereby describe all processes
through their rate for clarity),

ṄX = −N0
X kX + N0

XX

(
kXX + kAR𝜉

)
(1)

ṄXX = −N0
XX

(
kXX + kAR

)
(2)

where N0
X and N0

XX are the initial X and XX Poissonian popula-
tions following primary ionizing excitation obtained as:

N0
X = ⟨N⟩2 e−⟨N⟩ (3)

N0
XX = ⟨N⟩ ×

(
1 − ⟨N⟩ e−⟨N⟩ − e−⟨N⟩) (4)

The population of X generated indirectly by the decay of XX via
a radiative pathway or following AR is accounted for by the pos-
itive term in Equation (1). The probability of undergoing ioniza-
tion following AR is expressed by the term (1 − 𝜉). The solutions
to Equations (1) and (2) are, respectively,

NX (t) =
[

N0
X + N0

XX

kAR𝜉 + kXX

kXX + kAR − kX

(
1 − e−(kXX+kAR−kX )t

)]
e−kX t (5)

NXX (t) = N0
XX e−(kXX+kAR)t (6)

Solving Equations (1) and (2) in the steady state gives the ana-
lytic expression of INC

SCINT emitted by a single NC particle following
the creation of 〈N〉 excitons by an ionising photon:

INC
SCINT

(⟨N⟩) ∝ ΦX

(
N0

X + N0
XXΦXX + N0

XXΦAR𝜉
)
+ N0

XXΦXX (7)

where the X and XX processes contribute through their respec-
tive ΦX, ΦXX = 4kX /(4kX + kAR) and relative populations, which in
turn depend on ΦAR = kAR /(4kX + kAR). Essentially, Equation (7)
allows for disentangling the X and XX contributions to the scin-
tillation of single NCs which depend on the NC size through the
corresponding ΦAR and 〈N〉. Similarly, Equations (5) and (6) de-
scribe the time kinetics of the scintillation process and allow the
determination of 𝜏EFF in a similar way to the experimental data.
Together with Equation (7), this enables predicting the single par-

ticle timing performance through the quantity, CTRNC ∝
√

𝜏EFF

ISCINT
.

We underline that Equations (1–7) are valid for any excitation

source and thus hold also for any optoelectronic/photonic appli-
cation involving the recombination of biexcitons.

The simulated 𝜏EFF, INC
SCINT , and CTRNC values computed using

kX = 10−4 ps−1 (corresponding to an X lifetime of 10 ns typical of
most UV–Vis emitting NCs), ΦAR = 0 − 0.99 and 𝜉 = 0.5 are
shown in Figure 1a (see Figure S1, Supporting Information for
the simulations with 𝜉 = 0 and 1), where we have treated all exci-
tons with order higher than one as XX. Increasing 〈N〉 from 0.3 to
3.3, which is associated with situations in which larger amounts
of energy are deposited within a NC, results in the gradual en-
hancement of INC

SCINT . On the other hand, efficient AR reduces
INC

SCINT by quenching higher-order excitons.
The evolution of 𝜏EFF is more complex. On the one hand,

it gradually accelerates with increasing 〈N〉 due to the increas-
ing XX contributions, and on the other hand, it follows a non-
monotonic trend with the AR efficiency, which initially acceler-
ates 𝜏EFF by speeding up the XX decay, but as it approaches unity
completely suppresses the XX contribution, resulting in a much
slower kinetics, essentially determined solely by the X decay. As a
result, CTRNC improves (accelerates) substantially with 〈N〉 and
is only weakly worsened by AR. In fact, the crucial aspect that
emerges from this analysis is the importance of 〈N〉 generated as
a result of ionizing interaction in both light output and timing,
pointing to the technological relevance of maximizing the single
particle energy retention, while NC engineering for suppressing
AR is relevant for maximizing the scintillation intensity but plays
a relatively minor role in the timing performance.

Therefore, to investigate the role of size on the energy reten-
tion capability of NCs (responsible for 〈N〉), we computed the
fraction of energy deposited within single NCs of increasing size
(from d = 2 to 15 nm) following a photoelectric event producing
electrons with energy E = 1–100 keV (schematic representation
of a representative case with E = 7 keV is shown in Figure 1b).
The Geant4 simulation[35] shows that for any initial energy, in the
investigated size range, the energy deposited within a single NC
grows with d (Figure 1c), with the smallest NCs releasing almost
all of the initial electron energy into the outer medium. In the
case of E = 7 keV (corresponding to the average energy of the X-
rays used in our experiments), the energy deposited ranges from
5 to 35 eV for the smallest and the largest CsPbBr3 NCs, corre-
sponding to 2–13 times the corresponding energy gap (Eg). This
trend highlights the instructive analogy between the excitation
phase of the scintillation process (which gives rise to 〈N〉) and car-
rier multiplication,[43] a process that has been studied in detail in
NCs,[44] where the number of band edge excitons produced scales
linearly with the absorbed energy divided by the absorber Eg, and
the angular coefficient is the inverse of the electron-hole pair for-
mation energy (ɛe-h, in bulk semiconductors ɛe-h∼2.8Eg).

[42] The
inset of Figure 1c shows the expected trend for an example case
where ɛe-h is fixed at the bulk limit, motivated by the fact that
the NCs states populated under high energy radiation are not
subject to quantum confinement. As demonstrated below, this
predicted 〈N〉-trend agrees remarkably well with the experimen-
tal results, enabling us to match the experimental 𝜏EFF, INC

SCINT ,
and CTRNC-values with the respective curves in Figure 1a (high-
lighted as coloured dots).

Spectroscopic and scintillation experiments on CsPbBr3 NCs of
increasing size. To experimentally validate the theoretical frame-
work just presented we performed optical spectroscopy and RL
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Figure 1. a) Simulation of the effective lifetime (𝜏EFF), the single-particle scintillation intensity (INC
SCINT ), and the square root of their ratio (∝CTRNC) as a

function of the particle size for increasing values of 〈N〉 (0.3–3.3) or ΦAR (0–0.99). Arrows indicate increasing ΦAR or 〈N〉. Colored circles represent the
experimental values obtained for CsPbBr3 NCs with increasing size from 3.3 to 14.7 nm (from blue to green, legend in the bottom panel) b) Schematic
representation of the simulation using Geant4 of the energy release inside a single NC following a photoelectric event with E = 7 keV. c) Results of the
simulation of deposited energy with respect to the NC size, the red line corresponds to E = 7 keV) The black arrow indicates increasing initial electron
energy (E = 1–100 keV). Inset: simulation of the expected 〈N〉 with respect to the deposited energy (expressed as number of bandgaps) computed
considering the bulk electron-hole pair formation energy ɛe-h≈2.8Eg.[42]

experiments on CsPbBr3 NCs of increasing size from ≈3 to
≈15 nm. The particles were of cubic shape and orthorhombic
crystalline phase, as shown in the high-resolution transmis-
sion electron microscope images of representative samples in
Figure 2a and respective X-ray diffraction patterns (Figures S2
and S3, Supporting Information). The corresponding optical
absorption and PL spectra are reported in Figure 2b, showing the
progressive blue shift for decreasing NC sizes due to increasing
quantum confinement.[45] The PL yield (measured at low exci-
tation fluence to ensure an X photophysics, Figure 2c) spanned
non-monotonically from ΦX = 12% to 80%, with the smallest and
largest particles systematically showing lower efficiency, consis-
tent with common observation of better surface passivation for
intermediate sized NCs (i.e., 7 nm ≲ d ≲ 11 nm). The respective
PL dynamics (Figure S4, Supporting Information) showed single
exciton effective lifetimes ≈10 ns in all cases, with a measurable
lengthening for the largest NCs consistent with the stronger
symmetry forbidden s-p character of the radiative transition in
large particles.[46] We next investigated the photophysics versus

size in the multi-excitonic regime by performing TA measure-
ments as a function of increasing excitation fluence.[36–38] The
1S bleach dynamics are shown in Figure 2d for representative
NC samples with d = 10.7 nm and 3.3 nm (the whole set of
data is reported in Figure S5, Supporting Information). At low
excitation fluence (i.e., the X regime), all samples showed the
characteristic peak at their respective band-edge energy due to
bleaching of the 1S exciton absorption at all times[36] (Figure
S6, Supporting Information). The corresponding time dynamics
were essentially single exponential (except for a minor fast
portion due to residual charge trapping) with characteristic time,
𝜏X∼8 ns, matching the corresponding PL kinetics. Upon in-
creasing the excitation fluence, a low energy shoulder appeared
in the TA spectra, consistent with the attractive character of XX
in CsPbBr3 NCs[36,38] and the TA dynamics developed an initial
ultrafast component due to XX decay with amplitude following
the Poisson biexciton state-filling statistics[47] (≈〈N〉2, Figure S7,
Supporting Information). Higher excitation fluences gave rise
to a high-energy shoulder with even more accelerated decay due
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Figure 2. a) STEM-HAADF (d = 3.9 nm) and HRTEM (d = 6.9 nm, d = 13.5 nm) images for a representative set of CsPbBr3 NCs. b) Normalized
optical absorption (dashed lines) and PL spectra (solid lines) of the complete sample set (respective NC size in nm is indicated). c) PL quantum
efficiency values measured in single exciton regime with respect to the NC size. d) TA dynamics for 10.7 and 3.3 nm NC for 〈N〉 = 0.16 (grey lines) and
〈N〉 = 1.8 (green, blue line) at their respective 1S bleach maximum. Inset: single exciton and biexciton components (time axis 0–100 ps with major ticks
every 20 ps) extracted by the successive subtraction method.[33] e) Biexciton lifetimes,𝜏XX, as a function of the NC volume. Dashed line, best linear fit
highlighting the volume scaling.

to higher-order multiexcitons. To extract the XX and AR rates
(kXX, kAR) and corresponding efficiencies (ΦXX,ΦAR), we nor-
malized the TA dynamics to their slow X tail and progressively
subtracted curves with increasing 〈N〉.[36,38] The obtained XX
decay curves are shown in the inset of Figure 2d (and in Figure
S8, Supporting Information). The XX lifetimes of the whole sam-
ple set are shown in Figure 2e following the universal volume
scaling law.[36,37] The corresponding ΦAR-values spanned from
≈90% for the largest particles to ≈99% for strongly confined
NCs, in good agreement with the literature.[36,37,48]

We then proceeded to study the scintillation behavior in or-
der to experimentally measure the actual exciton occupancy
〈N〉created upon ionizing X-ray excitation and the RL inten-
sity/timing versus d. As a first step, we verified that the X-ray
attenuation of NC solutions with a given CsPbBr3 mass content
is size-independent, as this is closely related to the RL excitation
rate. To this end, we measured the RL of a Bi4Ge3O12 (BGO) crys-
tal with and without interposed NC solutions (d = 3.9 vs 10.7 nm)
with identical band-edge absorption between the scintillator and
the X-ray source. The ratio between the acquired RL intensities
with and without samples partially blocking the X-ray beam es-
timated the fraction of transmitted X-rays. In parallel, we used

Geant4 simulations to calculate the energy deposited in two sam-
ples containing identical amounts of CsPbBr3, one in the form
of a single NC with d = 12.6 nm and the other in the form of
74 NCs with d = 3 (both having a total volume of 2000 nm3).
The calculations were also performed for different NC concen-
trations by simulating varying matrix sizes from 0.125 to 27 μm3.
As shown in Figure 3a, both the calculations and the experiment
confirmed that the total stopping power was independent of the
NC size, consistent with the fact that the samples had identical
average densities. This enables us to quantitatively compare the
RL intensity of NC solution with the same mass concentration.
For all investigated samples, the RL spectra shown in Figure 3b
matched the corresponding PL (the PL peak positions are marked
with a tick on top of the corresponding RL curve), indicating that
light emission was due to pure excitonic recombination with neg-
ligible influence from defect states under both excitation con-
ditions. We then proceeded to measure the relative scintillation
intensity and decay kinetics of X-ray isoabsorbing diluted solu-
tions of the CsPbBr3 NC—so as to avoid inter-NC processes—
under identical excitation and collection conditions. The inte-
grated relative RL efficiencies are reported in Figure 3c, follow-
ing a similar trend to ΦX, thus highlighting the key role of the
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Figure 3. a) Geant4 simulation of the energy deposition in two samples containing the same mass of CsPbBr3 in the form of one NC with d = 12.6 nm
or 74 NCs with d = 3 nm (identical total volume of 2000 nm3) of NCs. Inset: relative RL intensity of BGO in X-ray in the absence (grey) or in the presence
of two solutions containing same mass of CsPbBr3 NCs with d = 3.9 nm (blue bar) or d = 10.7 nm (green bar) corresponding in both cases to 34 ± 3%
attenuation. b) RL spectra as a function of d (in nm as indicated). Thicks indicate the corresponding PL maximum. c) Relative RL intensity versus d3.
The solid line is the simulated trend according to Equation (7) multiplied by the number of NCs (nNC). Inset: Number of NCs in 75 μL of octane solution
(0.03 OD in 1 mm) versus NC size. d) Time resolved RL decay curves for the NCs with d = 3.5, 8.7, or 13.5 nm. The black lines are the TA kinetics
at the corresponding 〈N〉. e) Experimental values of 〈N〉 with respect to the NC size and to the number of bandgaps predicted by Geant4 (top x-axis).
The bottom axis is the particle size d as in “f.” The black line is the best linear fit of the experimental data yielding the indicated electron-hole pair
formation energy, ɛe-h f. Effective lifetime extracted from the fit of time-resolved RL decays together with the simulated trend (solid line) obtained by
solving Equations (5) and (6). Inset: estimated CTR values obtained setting 𝜏RISE = 100 ps and considering a LY = 104 ph MeV−1 for the d = 8.7 nm NC
sample.

luminescence yield in the single exciton regime in the scintilla-
tion output. Time-resolved RL measurements complete the pic-
ture by providing direct evidence of the strong size dependence
of 〈N〉 and of the XX decay rate and relative contribution un-
der X-ray excitation. Specifically, Figure 3d shows the RL decay
curves of three representative NC samples with d = 3.5, 8.7, and
13.5 nm (the complete set is shown in Figure S9, Supporting In-
formation). The largest NCs showed multi-exponential kinetics
with a fast XX component followed by the slower X decay.[26] In
line with previous reports,[18,19] an intermediate component due
to charged excitons was found ranging from 0.1 to 17% of the
total signal. Most importantly, the relative weight of the XX con-
tribution decreased gradually with decreasing d, resulting in the
smallest particles showing only the X decay, which is consistent
with the calculated small energy retention resulting in a negli-
gible XX population. Following the typical approach for ultrafast
kinetic studies in NCs, the ratio between the amplitudes of the X
and XX components enables the estimation of 〈N〉 through Pois-
sonian statistic.[33,36] Notably, as shown in Figure 3e, increasing
the particle size resulted in the linear growth of 〈N〉, in remark-
able agreement with the single particle energy-retention Monte
Carlo simulations shown in the inset of Figure 1c and with the
corresponding TA trace reported as black lines in Figure 3d, fur-
ther confirming the correct quantification of the exciton occu-
pancy. Expressing the emerging 〈N〉 as a function of the num-

ber of bandgap energies deposited within a single NC yielded
an electron-hole pair formation energy of ɛe-h = 4.2Eg, which is
slightly above the bulk limit in carrier multiplication processes as
expected for quantum confined particles.[43] Also consistent with
the TA data in Figure 2e, the XX decay component of the RL ac-
celerated with decreasing particle size due to gradually stronger
AR which also concomitantly led to a decrease of the respective
relative weight. Overall, as shown in Figure 3f, this led to the ac-
celeration of the experimental 𝜏EFF—extracted as the harmonic
average of the X, XX and trion contributions—with increasing
particle size despite the corresponding slower XX decay, thus fur-
ther highlighting the relevance of the interaction with ionizing
radiation over AR. It is important to note the opposite size depen-
dence of the kinetics of scintillation, which accelerates with d due
to its strongly biexcitonic nature, and that of PL, which instead
slows down in large particles due to the increasing hybridization
of the s and p states, which makes optical transitions symmetry
forbidden.[46]

Using the experimental values for all scintillation parameters
(i.e., 〈N〉, decay rates and efficiencies) without free parameters,
we were able to use Equations (5)–(7) to model the evolution with
the NC size of IENS

SCINT of same-mass ensembles of CsPbBr3 NCs as
well as their 𝜏EFF. To do so, we accounted for the different mass
distributions across the sample set by scaling the single-particle
INC

SCINT described by Equation (7) for the respective number of
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NCs in the ensemble—estimated by dividing the total mass by
the “molecular” weight of a single NC (inset of Figure 3c). We
thereby obtained the scintillation intensity of NC ensembles ex-
pressed as, IENS

SCINT = INC
SCINT × nNC. The resulting simulated curve

versus d is reported as a solid line in Figure 3c, showing an ex-
cellent match with the experimental values. Similarly, running
Equations (5) and (6) with the experimentally measured lifetimes
and 〈N〉-values describes the dependence of 𝜏EFF on the particle
size (solid line in Figure 3f) thus further confirming the valid-
ity of the model. Finally, to provide a potentially technologically
relevant insight into the timing performance of NCs, it is instruc-
tive to evaluate the impact of the NC size on the time resolution
of more realistic NCs ensembles by calculating the CTR using
literature LY for CsPbBr3 NCs (e.g., LY = 104 ph MeV−1 for the
d = 8.7 nm, corresponding to a light output of 5110 photons for
511 keV gamma excitation). By setting 𝜏RISE = 100 ps, we esti-
mated the CTR shown in the inset of Figure 3f, which improves
(decreases) gradually with increasing NC size and reaching po-
tentially relevant values as fast as 15 ps or so, a trend again pre-
dicted by the simulations in Figure 1a.

3. Conclusion

In conclusion, based on the observed trends, the single particle
energy retention appears to dominate the scintillation mecha-
nism of NCs, as it determines the initial exciton occupancy and
hence the response regime to ionizing radiation. In particular,
although the total stopping power is size-independent for the
same mass samples, the use of large NCs leads to the deposition
of larger amounts of energy inside each particle, which conse-
quently results in a higher LY; at the same time, large sizes reduce
the AR efficiency, increasing the efficiency of the XX decay with
beneficial effects on the timing performance. In fact, the gener-
ally high ΦAR in CsPbBr3 NCs leads to a scintillation process in
which the X decay represents the major contribution, resulting
in the LY being determined by the luminescence quantum yield,
highlighting the crucial role of the surface chemistry for defect
passivation and ensuring the preservation of the optical proper-
ties of NCs after embedding in host matrices. On the other hand,
the XX component is the key to accelerating 𝜏EFF and achieving
high temporal resolutions for ToF applications, so optimizing its
yield, especially in larger particles, is paramount. More generally,
the agreement found between the theoretical description and the
experimental data is particularly relevant as it demonstrates the
nontrivial possibility of predicting the main features of a NC scin-
tillator from first principles–all the parameters in the equations
are experimentally measured and the model, therefore, antici-
pates the actual behavior–thus providing an extremely powerful
tool for directing research toward the optimization of key mate-
rial parameters. Furthermore, the theory-experiment agreement
validates the approximations of neglecting trionic contributions
to scintillation and considering the totality of high-order excitons
as biexcitons, further simplifying the prediction of actual perfor-
mance. These results therefore fill a gap in the understanding
of the scintillation process at the nanoscale and provide useful
guidelines for specific particle engineering as the forthcoming
generation of fast and efficient scintillators. Finally, we anticipate
that the independence of the total stopping power from the parti-
cle size and number, but with the same total mass suggests that

the differences in behavior between isolated NCs with different
dimensions may be reduced in composite nano scintillators with
a high density of NCs, where the electron shower released by one
particle may act as a secondary excitation source of other NCs, giv-
ing rise to cascading scintillation phenomena. The study of this
regime requires a specific treatment, which will be dealt with in
a separate study.
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